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A Thermodynamic Study of Electroneutral K-C1 Cotransport in 
pH- and Volume-clamped low K Sheep Erythrocytes with Normal and 
Low Internal Magnesium 
PETER K.  LAUF*  a n d  NORMA C.  ADRAGNA~ 
From the Departments of *Physiology and Biophysics, and :Pharmacology and Toxicology, Wright State University School of Medicine, 
Dayton, Ohio, 45401-0927 
A B S T R A  C T Swelling-induced human erythrocyte K-CI cotransport is membrane potential independent and capa- 
ble of uphill transport. However, a complete thermodynamic analysis of basal and stimulated K-CI cotransport, at 
constant cell volume, is missing. This study was performed in low K sheep red blood cells before and after reduc- 
ing cellular free Mg into the nanomolar range with the divalent cation ionophore A23187 and a chelator, an inter- 
vention known to stimulate K-CI cotransport. The anion exchange inhibitor 4,4'diisothiocyanato-2,2'disulfonic 
stilbene was used to clamp intracellular pH and C1 or NO:~ concentrations. Cell volume was maintained constant 
as external and internal pH differed by more than two units. K-CI cotransport was calculated from the K effluxes 
and Rb (as K congener) influxes measured in C1 and NO3, at constant internal K and external anions, and variable 
concentrations of extracellnlar Rb and internal anions, respectively. The external Rb concentration at which net 
K-C1 cotransport is zero was defined as flux reversal point which changed with internal pH and hence CI. Plots of 
the ratio of external Rb concentrations corresponding to the flux reversal points and the internal K concentration 
versus the ratio of the internal and external C1 concentrations (i.e., the Donnan ratio of the transported ions) 
yielded slopes near unity for both control and low internal Mg cells. Thus, basal as well as low internal Mg-stimu- 
lated net K-CI cotransport depends on the electrochemical potential gradient of KC1. 
~Ev w o RD S: K-C1 cotransport 9 sheep erythrocytes 9 thermodynamics 9 magnesium 9 DIDS-pH-clamp 
I N T R O D U C T I O N  
K-C1 cotransport ,  a secondary active t ransport  pathway, 
occurs in cells of  the erythron such as nucleated red 
blood cells, reticulocytes, and young red blood cells of  
a variety of  species, in endothelial  cells, in certain epi- 
thelial cells, and in fish liver cells (reviewed by Lauf  et 
al., 1992). In mature  red blood ceils, K-C1 cotransport  
declines with cell aging (Hall and Ellory, 1986; O'Neill ,  
1989) but  less so in low K (LK) 1 red blood cells of  rumi- 
nants (Lauf et al., 1992) and carnivores (Parker and 
Dunham,  1989). Because of  the apparen t  persistence 
of  K-CI cot ranspor t  in h u m a n  red blood cells with cer- 
tain hemoglobinopathies ,  such as hemoglob in  SS dis- 
ease, and its potential  contr ibut ion to abnormal  cellu- 
lar dehydrat ion (Bookchin et al., 1991), interest has 
Part of this work was published in abstract form at the Gardos Sympo- 
sium on Ion Channels and Transporters on 22-24 May 1995 in 
Budapest, Hungary, at the Membrane Biophysics Subgroup Sympo- 
sium on 14-17 October 1995 in Beaufort, NC, and presented at the 
Red Cell Club meeting on 4 November 1995 in Atlanta, GA. 
Address correspondence to Dr. Peter K. Lauf, Department of Phys- 
iology and Biophysics, Wright State University, School of Medicine. 
Col. Glenn Highway, Dayton, OH, 454014)927. Fax: 513-873-3769; 
E-mail: PLAUF@StRI US.BIO.WRIGHT.EDU 
1Abbreviations used in this paper: dcs, dry cell solids; FRP, flux rever- 
sal point; LK, low K. 
been  focussed on regulatory aspects using rabbit  and 
sheep red cells as models  (Jennings and AI-Rohil, 1990; 
D u n h a m  et al., 1993). 
In human  red blood cells, K-C1 cotransport  is consid- 
ered to operate  in an electroneutral  fashion: Brugnara 
et al. (1989) showed CI-driven uphill K t ransport  at 
constant  m e m b r a n e  potential,  aP m, and Kaji (1993) var- 
ied d0~, with the Na ionophore  hemisodium without af- 
fecting K-C1 cotransport .  In these two studies, the effect 
of  ~m was assessed without deliberate efforts to main- 
tain constant cell volume. For swelling-induced K flux 
of  LK sheep red blood cells in CI, the experimental ly 
obtained and theoretically predicted net K fluxes dis- 
agreed at equil ibrium (Delpire and  Lauf, 1991a). A 
similar conclusion was reached in volume-clamped LK 
sheep red cells with normal  and low Mgi (Lauf et al., 
1994). Hence,  a thorough thermodynamic  evaluation 
of  basal and activated K-C1 cotransport ,  still lacking for 
any cell system, was under taken.  
The  present  study uses the stilbene-derivative DIDS 
which irreversibly inhibits band  3 prote in-mediated an- 
ion, i.e., ch lor ide /b icarbonate ,  exchange (Ship et al., 
1977; Gasbjerg et al., 1993), and therefore  pH equili- 
brat ion (Cala, 1980) but  only reversibly blocks K-C1 
cotransport  in LK sheep red cells (Delpire and Lauf, 
1992). After pHi titration with CO2 or Na2CO3 DIDS 
should permit  c lamping of  the internal C1 concentra-  
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t i ons ,  [C1]i, a t  d i f f e r e n t  levels .  I n  s u c h  ce l l s  K e f f l u x e s  
a n d  i n f l u x e s  m a y  b e  s t u d i e d  a t  v a r i a b l e  [C1] i a n d  e x t e r -  
n a l  K c o n c e n t r a t i o n s ,  [K]o, a n d  w i t h  c o n s t a n t  i n t e r n a l  
K a n d  e x t e r n a l  CI c o n c e n t r a t i o n s ,  [K]i a n d  [C1],,, re-  
spec t ive ly .  I n t r a c e l l u l a r  NO3 c o n c e n t r a t i o n s  w e r e  var-  
i ed  a c c o r d i n g l y .  S i n c e  t h e r e  is n o  k i n e t i c  e v i d e n c e  f o r  
C l - d e p e n d e n t  K / R b  e x c h a n g e  ( D e l p i r e  a n d  Lauf ,  1991 a, 
b), t h e  e f f e c t  o n  K-C1 c o t r a n s p o r t  o f  v a r i a b l e  i o n  p r o d -  
uc t s  o n  b o t h  s ide s  o f  t h e  p l a s m a  m e m b r a n e  c a n  t h u s  b e  
assessed .  By c o m b i n i n g  th i s  t e c h n i q u e  w i t h  o s m o t i c  vol-  
u m e  c l a m p i n g  ( Z a d e - O p p e n  a n d  Lau f ,  1990;  L a u f  et .  
al., 1994) ,  we u n e q u i v o c a l l y  d e m o n s t r a t e  t h a t  t h e  e lec -  
t r o c h e m i c a l  p o t e n t i a l s  o f  b o t h  K a n d  C1 a r e  i n d e e d  t h e  
d r i v i n g  f o r c e s  f o r  K-C1 c o t r a n s p o r t .  
M A T E R I A L S  A N D  M E T H O D S  
Red Blood Cells 
For each experiment ,  blood was freshly drawn by professional 
and licensed personnel  from the Laboratory of  Animal Resources 
through venipuncture  from mixed breed  sheep (consistent with 
laboratory animal guidelines and  license #A91). Red cells were 
homozygous for the LK (LL) genotype as de termined  by cation 
and immunologic analysis (Lauf, 1984). Red cells were separated 
from plasma by centrifugation at 10,000 rpm and  washed at that  
speed twice with 295 mosM NaCI before suspension in fl lrther ex- 
perimental  media (see below). Cell suspensions for ion flux de- 
terminations were 2.5% (vol/vol). 
Chemicals and Solutions 
The following solutes of analytic grade were purchased from ei- 
ther  Sigma Chemical Co. (St. Louis, MO) or from Fisher Scien- 
tific (Fair Lawn, NY): NaCI, NaNO~, glucose, ouabain, EDTA, 
PIPES, BICINE, (N,N, bis[2hydroxyethyl]glycine), Tris, sucrose, 
and MgC12; A23187 was obtained from Calbiochem Corp., San 
Diego, CA. Stock solutions were made for A23187 (1.91 mM) in 
ethanol.  DIDS (4,4'-diisocyanato-2,2'disulfonic stilbene), dis- 
solved in buffer solutions, and diamox (Acetoazolamide), dis- 
solved in DMSO, were obtained from Sigma Chemical Co., and 
ultrapure (Puratronic) RbC1 and RbNO~ were obtained from 
Johnson  Matthew Chemicals, Royston, UK. Osmolalities were 
measured with an Advanced Digimatic Osmometer  (model 3DII; 
Advanced Instruments,  Needham Heights, MA), and  pH was 
measured using an Orion Research Ionalyzer 901 (Orion Re~ 
search Incorporated,  Cambridge, MA) and Fisher Microprobe or 
Orion combinat ion electrodes. Dry. weights were de termined  us- 
ing a Mettler M5 microbalance on ~150  txl triplicate samples of 
packed red cells, dried for 48 h in a drying oven at 80~ (Lauf, 
1982). The pH values are given tor  37~ if not  otherwise stated. 
Trea tment  and  flux solutions are described below. 
it.,/was extrapolated yielding close m 1.85 Kg water /kg dsc. l 'his  
water content  was close to that  obtained in 250 mosM solutiol~s 
(see composition below) of pH 9 and only ~ 3 %  below lhe origi- 
nal cell volume in plasma. The  external anion concentral ion was 
fixed at ~100  meq/ l i ter .  The salt and water shifts across Ihe cell 
membrane  induced by pH titration were balanced by addition of 
sucrose at pH 7.4/7.5 and  6.5. Samples were taken within die th-st 
10 rain of  the flux exper iment  for determinat ion of cell water, 
[CI] i and pH i. [Cl]i was measured with a Buchler chlor idometer  
(Buchler Instruments,  Fort Lee, Nil ) as published earlier (Lauf, 
1982), and pH i on freeze-thawed red blood cells. [K]i was mea- 
sured with a Perkin-Ehner 5000 Atomic Absorption Spectropho- 
tometer  (Perkin Elmer Instruments,  Norwalk, CT). Ionic concen- 
trations are expressed in meq / l i t e r  of original cells (loc) or 
m e q / K g  cell water, and pH in traits. Final solution osmolaliiies 
are given after appropriate adjustments with sucrose. 
To obtain pH i ~6.5,  LK red cells washed in 295 mosM NaCI 
were resuspended in 330 mosM NaC1 and titrated with CO,_, to 
pH,, 6.5 in a jacketed chamber  equil ibrated at 0~ Cells were 
washed by centrifugation at 7,500 rpm until pH,, was stable 
( G u n n e t  al., 1973). Cells were then subjecmd m Mgl removal as 
described below and  resuspended in a 10 mM PIPES-buffered so- 
lution (4~ of the same pH as above, containing ei ther  100 mM 
NaCI (a) or NaNO:~ (b) with final osmolalities of 330 mosM in a 
and 320 mosM in & respectively. The  packed cells were then re- 
suspended in solutions a and b containing 0.1 mM D1DS and 10 
~M diamox, a carbonic anhydrase inhibitor,  at 37~ and incu- 
bated for 45 min in a shaker bath. Cells were washed twice at 4~ 
in the same solutions to remove the inhibitors. 
For pH~ ~7 .4  the titration step was omitted, and washed cells 
were suspended in 10 mM PIPES-buffered solutions of pH 7.4 or 
7.5 at 4~ containing 100 mM NaCI with a final osmolality of 295 
mosM. After Mg~ removal (see below), cells were resuspended 
and incubated for 45 rain in fresh PIPES-buffered pH 7.4 or 7.5 
media at 37~ with ei ther  100 mM NaCI or NaNO> with final os- 
molalities at 295 and 277 mosM, respectively, and containing 0.1 
mM DIDS and 10 IxM diamox. DIDS and diamox were remow!d 
by washing, as described above. 
For pHi ~,,9, washed LK red cells were loaded into a jacketed 
chamber,  equil ibrated at 0~ and titrated to pH 9 with 100 mM 
Na~CO:~ with in termit tent  washes in 250 mosM NaCI until  pH,, 
was stable. Cells were then suspended in cold 100 mM NaCI bu f f  
ered to pH 9 with 10 mM B1CINE, final osmolality 250 mosM, tor 
Mgi removal by A23187 and EDTA as described below. (Jells were 
then divided into two aliquots and resuspended in 10 mM BI- 
CINE-buffered (pH 9) 100 mM NaC1 (a) or NaNO:~ (b) with final 
osmolalities of 250 and 240 mosM, respectively, for DIDS amt di- 
amox treatment  and subsequent removal of the drugs by washing. 
Free Mg~ was lowered into the nanomolar  range in pH-titrated 
and  volume-clamped cells with 10 btM A23187 in the presence of 
1 mM EDTA (Lauf et al., 1994). To exclude undesired pH equili- 
bration, the ionophore  was removed by washing in the presence 
and absence of BSA. The effectiveness of A23187 removal was 
fimctionally tested at each pH value (data not shown). 
pHTtitration with Osmotic Clamping, J~gi Removal, and 
DIDS~H~ Clamping 
The bulk of the experiments  required a three-step procedure  for 
osmotic clamping, pHi-titration and Mg~ removal. The osmolali- 
ties needed to maintain constant  cell volume at various pH,, after 
pH, clamping with DIDS were calculated based on the ap- 
proaches chosen by Zade-Oppen and Lauf (1990) and Laufe t  al. 
(1994) and experimentally confirmed. From a plot of Kg cell wa- 
te r /Kg dry cell solids (dcs) versus variable osmolality (range: 
350-220 mosM) fbr each pH,, (6.5, 7.4/7.5, and 9), the osmolal- 
Measurements of Ion Fluxes, Statistics, and Calculations 
K efflux and  Rh influx were assessed simultaneously, as described 
previously (Lauf, 1983; Lauf et al., 1994). Flux solutions con- 
tained 0.1 mM ouabain and were buffered with 10 mM PIPES tbr  
pH,, 6.5, with 10 mM PIPES/BICINE for pH o 7.4/7.5 and with 10 
mM BICINE for pH,, 9. For cells titrated to pHi 6.5, ~7.4, and 
~9 ,  the osmolalities of the CI and NO 3 flux media were main- 
tained at 330 and 320 mosM, 295 and 277, and 250 and 240 
mosM, respectively, at all pH,, values dur ing the flux experiment.  
External Rb concentrations,  [Rb],,, were 0, 5, 10, 15, 20, 30, 40, 
342 Thermodynamics o/K-Cl Cot,nnsporl 
 on S
eptem
ber 28, 2012
jgp.rupress.org
D
ow
nloaded from
 
Published October 1, 1996
and 60 mM replacing equimolar quantities of [Na],, keeping the 
total cation concentration, [Rb + Na],,, constant in both C1 and 
NO 3 media. For measurement of K loss, samples were taken at 
about 10, 20, 30, 40, and 50 rain, and the supernatants were re- 
moved after centrifugation at 10,000 rpm. K loss was measured by 
atomic absorption spectrophotometry and the pseudo-first-order 
rate constants ( l / h )  of K loss were calculated from the superna- 
tant [K],, at the five time points, corrected for spontaneous 
hemolysis (<2%), and [K]i at equilibrium, using a linear regres- 
sion program essentially as published earlier (Lauf, 1983). Data 
are presented as K effiux in mmol/( locxh) by multiplying the 
rate constants of K loss by [K]i. The Cl-dependent K effiux (used 
interchangingly with K-C1 flux or K-C1 cotransport) is the calcu- 
lated difference between K efflux measured in CI and NO> 
For assessment of ouabain-resistant Rb uptake, 1-ml aliquots of 
cell suspension were removed at about the same time intervals 
and placed into test tubes with 8 nfl ice-cold 295 mosM Tris-buff- 
ered MgCI2, pH 7.4. Cells were separated by centrifugation, 
washed twice in the same media to remove any Rb,,, and hemo- 
lyzed in "hemolyzing solution" (Lauf, 1983; Lauf et al., 1994). Rb 
uptake was calculated in mmol/( loc)  based on (i) the hemoly- 
sate Rb measured by flame emission spectrophotometry in a Per- 
kin-Elmer 5000 Atomic Absorption Spectrophotometer, (ii) the 
optical density of the hemolyzed cell aliquot, and (iii) of 1 ml of 
the original packed cells measured at 527 nm (Lauf, 1989), re- 
spectively. Rb influx in mmol/ locxh was calculated from the ini- 
tial velocity of Rb uptake at 5 time points using linear regression 
programs available through STATISTIX 4 or the Slide Write Pro- 
grams. The Cl-dependent Rb influx (also referred to as K-CI in- 
flux or cotransport) is the calculated difference between Rb in- 
flux in C1 and NO> The kinetic parameters V,~,~ x and /~ ,  were ob- 
tained from Wolf-Hanes or Lineweaver-Burke plots. 
Thermodynamics 
We derived the conditions for flux equilibrium, i.e., when the net 
flux is zero, from the standard equation defining the electro- 
chemical potential (P'i) of the transported ions (see Heinz, 
1978). Accordingly: 
I2,i = g~i (T) + RT lnaj + ziFqb (1) 
where j = signifies Ki.,, and CI,.,, for internal and external K and 
C1 ions, ~x~ = standard chemical potential of ion j, T = absolute 
temperature, R = gas constant, a} = activity of ion.j ~ concentra- 
tion of j, [j], i.e., [K]i,,,, and [C1]i,.{,, 5 = charge of ion j; F =  Fara- 
day constant, qb = electrical potential, i.e., difference between 
the electrical potential inside, q~i, or outside, qb,, the cell, minus 
the standard potential. 
Thus, for [K]i and [C1]i, and for [K],, and [C1],,, respectively, 
Eq. 1 becomes: 
(tKc,~ = ~ts, ~ + ~t<~ = RT{ In ( [Klt.  [Cl] ~) } + FO, (zr; + zc,), 
(2a) 
and 
~KCh, ~-~ ~TtK,, + ~Ch, = RT{In ( [K] ,,. [CI] ,,) } + l"d/~ i (z K + z{:l). 
{2b) 
Subtracting Eqs. 2b from 2a yields: 
zX/aK{:l = ZX/.t K + Act = RTIn { ( [K] i / [K]  ,,) - ( [CI] i/[C1] o) }- 
(3) 
3 4 3  LAUF AND ADRAGNA 
When zXlxKcl = 0, [K],,/[K]i = [Cl]i /[el]o,  net flux through the 
K-CI cotransporter must be zero, i.e., the flux reverses from out- 
ward to inward or vice versa (flux reversal point or FRP), at a [K],, 
(or [Rb] o when used as K congener) as per Eq. 4: 
FRP = [Rbl,, = [K] ,, = [K]~. [CI] i / [CI] o- (4) 
The FRPs were calculated from the relationship between net 
flux rates and the logarithm of the [Rb],,/[K]i ratios (Lauf et al., 
1994). 
R E S U L T S  
Water and Ions in DIDS-treated LK Red Cells after p H  
Equilibration 
Fig.1 shows the  effect  o f  t i t r a t i on  wi th  CO2 to pHo 6.5 
o r  wi th  NaCO3 to pHo 9 o n  cell  wa te r  a n d  i o n  c o n c e n -  
t r a t i ons  o f  C1-- a n d  N O  3 - e q u i l i b r a t e d  L K  r e d  cells sub-  
s e q u e n t l y  t r e a t e d  wi th  0.1 m M  DIDS a n d  10 txM di- 
a m o x .  Cell  wa te r  a n d  h e n c e  v o l u m e  were  m a i n t a i n e d  
n e a r  1.84 K g / K g  dcs (Fig. 1, A, l e g e n d ) ,  i.e., ~ 3 %  be-  
low tha t  f o u n d  at  p H  7.4 for  n o r m a l  r e d  cells (see MA- 
TERIAL AND METHODS), Like h u m a n  h e m o g l o b i n  A 
( F r e e d m a n  a n d  H o f f m a n ,  1978) ,  i n t r a c e l l u l a r  oxygen-  
a t ed  s h e e p  h e m o g l o b i n ,  with its i soe lec t r ic  p o i n t  o f  ~ 7  
( B l u n t  a n d  H u i s m a n ,  1975) ,  p rov ides  t he  f ixed  a n d  ti- 
t r a t ab le  charges .  Ac id i f i c a t i on  o r  a l k a l i n i z a t i o n  o f  the  
cell  s u s p e n s i o n  c a u s e d  t he  e x p e c t e d  pHi  shifts in  b o t h  
CI a n d  N O  3 (Fig. 1, B). As e x p e c t e d  f r o m  the  D o n n a n  
d i s t r i b u t i o n  o f  p e r m e a b l e  ca t ions  a n d  a n i o n s ,  C1 a n d  
NO3 e i t h e r  e n t e r e d  o r  lef t  t he  r e d  cell  c o m p a r t m e n t  
t h r o u g h  the  c o n d u c t i v e  pa thway  ( G u n n  et  al., 1989) ,  as 
m e a s u r e d  for  C1 in  Fig. 1, C. S u b s e q u e n t  t r e a t m e n t  wi th  
DIDS a n d  d i a m o x  (to f u r t h e r  r e d u c e  p r o t o n  g e n e r a -  
t i on  by the  c a r b o n i c  a n h y d r a s e  ca ta lyzed  h y d r a t i o n  o f  
COz) o f  v o l u m e - c l a m p e d  a n d  p H - t i t r a t e d  ( b u t  n o t  pH-  
c l a m p e d )  cells d id  n o t  c h a n g e  this resul t .  A l t h o u g h  di- 
a m o x  d id  n o t  affect  the  p a r a m e t e r s  d e p i c t e d  in  A-C, it 
was k e p t  t h r o u g h o u t  the  p r e t r e a t m e n t  s tep  wi th  DIDS.  
Water and Ions in DIDS pHi-clamped Control and Low Mg i 
LK  Red Cells versus p H  o 
T a b l e  I displays the  cel l  wa te r  c o n t e n t  o f  c o n t r o l  a n d  
low Mgi LK r e d  cells with p H  i c l a m p e d  at  d i f f e r e n t  val- 
ues  by DIDS in  C1 o r  NOB m e d i a .  T h e  ave rage  m e a n  wa- 
te r  c o n t e n t s  for  e a c h  pHo were  c lose  to 1.87 a n d  1.81 in  
C1, a n d  1.83 a n d  1.82 in  NO.~, i n  c o n t r o l  a n d  low Mg i 
cells,  respect ively ,  a n d  t h e r e  was n o  s i gn i f i c an t  differ-  
e n c e  b e t w e e n  the  t h r e e  p H  o values .  H e n c e ,  t he  tech-  
n i q u e s  d e v e l o p e d  h e r e  p r o v i d e d  cells wi th  s imi la r  vol- 
u m e s  at  all p H ~ / p H o  p e r m u t a t i o n s  c h o s e n .  
Fig. 2 shows the  m e a n  p H  i va lues  o f  c o n t r o l  (inter- 
rupted lines) a n d  low Mg i (solid lines) LK red  cells e ach  a t  
d i f f e r e n t  pH,,  (6.5, 7 .4 /7 .5 ,  a n d  9) i m p o s e d  o n  the  cells 
a f ter  DIDS t r e a t m e n t .  C o m p a r i n g  these  d a t a  with those  
in  T a b l e  I suggests  t ha t  DIDS effect ively c l a m p e d  pHi  a t  
a n y  p H  o. T h e  fact  t ha t  low Mgi cells always d i sp layed  
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T A B L E  I 
Mean Cell Water* of Control and Low Mg, LK Red Cells pH,-clamped 
by DIDS in Cl or NO3 
Controls I.ow Mg~ 
pH i CI,, NO~ pH~ CI N O  3 
6.5 1.877 (0.026) 1.781 (0.016) 6.8 1.847 (0.052) 1.862 (0.(151) 
7.4 1.888 (0.018) 1.865 (0.015) 7.6 1.761 (0.060) 1.780 (0.031) 
8.3 1.867 (0.081) 1.840 (0.019) 8.5 1.823 (0.081) 1.812 (0.024) 
*Kg/Kg dl T cell solids (n = 3, -+SD) tbr each pHi at pH. ~ 6.5, 7.4/5, 
and 9. 
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FIGURE 1. Comparison of cellular water content (A), intracellular 
pH, pH i (B), and chloride concentration, [C1]i ((7), in LK red cells 
treated without (controls) or with DIDS and diamox after equili- 
bration at the pH,, values (abscissa). Before treatment with 0.1 mM 
DIDS and 0.01 mM diamox for 45 rain at 37~ pH,, was titrated to 
6.5 with CO x and to 9 with Na2CO:~ in hyperosmotic (350 mosM) 
and hyposmotic (250 mosM) NaC1 or NaNO:~, respectively. Sym- 
bols of mean values are larger than the SD values. Open and filled 
symbols for control and DIDS/diamox-treated cells, respectively; 
circles and triangles for cells in CI and NO> respectively. In A, the 
mean values (-+SD, n = 3) for Kg cell water/Kg dcs were 1.826 
(0.033) and 1.858 (0.046) for CI and NO:~ controls, and 1.814 
(0.040) and 1.828 (0.031) for C1 and NOa-equilibrated DIDS/dia- 
mox-treated cells, respectively. In B the equations for the com- 
puter-fitted regression lines were pHi = 0.762 pH,, + 1.798 (r = 
0.999), 0.760 pH,, + 1.774 (r = 0.998), 0.774 pH,, + 1.793 (r = 
0.997), and 0.785 pH,, + 1.666 (r = 0.993) for C1 and NO:~ controls 
and Cl and NO3-equilibrated DIDS-treated cells, respectively. In C 
sl ightly h i g h e r  pHi  values is no t  readi ly  exp la ined ;  it  is, 
however ,  no t  i m p o r t a n t  for  i n t e r p r e t a t i o n  o f  the  da ta  
shown below. Fig. 3 shows [C1]i in cells with pHi 
c l amped  at d i f ferent  pHo values: [C1]i increased f rom ~ 5 2  
to 166, a n d  f rom 44 to 143 m e q / K g  cell  water  in con-  
trois (A) a n d  low Mgi (B) cells, as pHi  was lowered  f rom 
8.3 to 6.5 a n d  f rom 8.5 to 6.8, respect ively  (see also Ta- 
b le  II) .  This  C1 shift  was n o t  a f fec ted  by the  subse- 
quen t ly  i m p o s e d  pHo as the  s lopes  o f  all t h r e e  l ines 
were  n o t  s ignif icant ly  d i f f e r en t  f rom zero.  In  con t ras t  
to p H  i a n d  [C1] i, [K]i r e m a i n e d  at  22-25  m e q / K g  cell 
wate r  a n d  d id  n o t  c h a n g e  with pH,, (Table  II) .  
An  inverse  c h a n g e  o f  pHi a n d  [C1]i ind ica tes  effective 
DIDS-c l amping  which  sharp ly  r e d u c e d  the  d iss ipa t ion  
o f  the  i m p o s e d  p H  a n d  C1 g rad ien t s  while  pH,, was al- 
t e r e d  in the  s u b s e q u e n t  f lux e x p e r i m e n t s .  
Ouabain-resistant K and Rb Fluxes in C1 and NO 3 Before 
and After DIDS Treatment 
A l t h o u g h  DIDS revers ibly inhib i t s  K-CI c o t r a n s p o r t  at 
p H  7.4 (De lp i re  a n d  Lauf,  1992), po t en t i a l  DIDS ef- 
fects on  K-C1 c o t r a n s p o r t  at  p H  values d i f f e r en t  f rom 
p H  7.4 a re  u n k n o w n ,  pa r t i cu la r ly  at  p H  9 where  DIDS 
covalent ly  a t taches  via the s e c o n d  cyanate  g r o u p  to 
b a n d  3 p r o t e i n  in h u m a n  r ed  cells ( j e n n i n g s  a n d  Pas- 
sow, 1979; O k u b o  et  al., 1994). DIDS also affects passive 
K f luxes in low ionic  s t r eng th  m e d i a  sugges t ing  involve- 
m e n t  o f  b a n d  3 p r o t e i n  (Jones a n d  Knauf ,  1995), a n d  
M a l d o n a d o  a n d  Cala  (1994) l a be l e d  a swell ing-st imu- 
la ted  K / H  e x c h a n g e r  with DIDS in Amphiuma r e d  
b l o o d  cells. 
Fig. 4 shows tha t  in low Mg i cells, b o t h  K eff iuxes and  
Rb inf luxes  m e a s u r e d  in CI at  20 m M  [Rb]o were 
h i g h e r  the  h i g h e r  the  p H  o f  equ i l i b r a t i on  (A). Most  no-  
tably, at  p H  9 the  Rb inf luxes  in C1 con t ro l s  e x c e e d e d  
the  K effluxes,  a n d  DIDS s t imu la t ed  bo th .  Cons i s t en t  
with D e lp i r e  a n d  Lau f  (1992),  no  such effects were  dis- 
the equations were [C1]i = -42.4 pH,, + 414.64 (r = 0.986) and 
-41.8 pH,, + 408.7 (r = 0.969) for C1 controls and DIDS-treated 
cells, respectively. 
344 Thermodynamics of K-Cl Cotransport 
 on S
eptem
ber 28, 2012
jgp.rupress.org
D
ow
nloaded from
 
Published October 1, 1996
9 ~ 8.54+0.02 ,k 1 
...... : - - - ; = : =  ......... -I 
=amm 
-1- 
Q. 
--6.83+0.10 "~ 7.43+_0.06 ~ 
7  --kgi;_kii--o- . . . . . . . . . . . . . . . . . . .  
1 I I I I / 
6.5 7.0 7.5 8.0 8.5 9.0 
PHo 
FIGURE 2. Relationship between p H  i and pH,, after pH-clamping 
with DIDS at pH 6.5, 7.5, and 9. Mean pHi values (+SD for n = 3) 
of controls and low Mg i cells (interrupted and solid lines, respec- 
tively) measured for each pH,,. 
cerned at lower pH values, particularly at pH 7.4. Fig. 4 
B shows that both K and Rb fluxes in NO~ increased 
with the pH of equilibration. However, a substantial in- 
crease was seen for both fluxes in the presence of  DIDS 
'~176 . 6.s l o l  ! 
120 7.4 
l 40 Contro l  8 .3  A O i ~ a i 
6.8 
O1 
g, o I 
E 80 t 7.6 
,:lLow.gi- B 
6.5 7.0 7.5 8.0 8.5 9.0 
PHo 
FIGURE 3. Chloride concentrations in control (A) and low Mg i 
(B) LK red cells versus pHo after DIDS clamp at various pHi values 
(measured) as indicated by bold numbers. Lines are computer fit- 
ted. Mean ion concentrations in meq CI/Kg cell water (+SD for 
n = 3 experiments) for the three pH o values are given in Table II. 
T A B L E  I I  
Mean Ionic Concentrations* in Control and Low Mg i LK Red Cells 
after pH, Clamping by DIDS 
Controls Low Mg i 
pH i C K pH~ C1 K 
6.6 166.4(5.8) 24.4(1.0) 6.8 143.4(7.2) 25.1(0.4) 
7.4 98.9(2.1) 25.3(0.5) 7.6 81.4(6.4) 22.8(0.5) 
8.3 52.0(2) 24.1(0.7) 8.6 44.2(4.3) 21.8(0.3) 
*meq/Kg cell water for (n = 3, -+SD) for pH. = 6.5, 7.4/5, and 9. 
at pH 9 suggesting activation of  diffusional K fluxes. C 
contains the calculated K-C1 cotransport activities 
(dCl). Although the stimulatory effect of  DIDS on Rb 
influxes in CI was canceled, the alkaline pH activation 
remained unabated. The Cl-dependent K effluxes were 
slightly higher in the presence of  DIDS, an effect of  
probably borderline significance. These data are con- 
sistent with alkaline stimulation of  K-C1 cotransport, in 
particular of  Rb-C1 influx in the absence of DIDS re- 
ported by us earlier for Mgl-depleted LK red cells (Lauf 
et al., 1994). 
Determination of Flux Reversal Points (FRPs) 
The assessment of  the FRPs requires measurements of 
both Cl-dependent Rb influx and K effiux at varying 
[Rb]o. 18 experiments were carried out to determine 
the FRPs: 9 in controls and 9 in low Mgi LK red cells. 
To illustrate the flux behavior and the assessment of  
the FRPs, Fig. 5 presents 3 experiments with controls 
and 6 with low Mgi cells. Shown are Cl-dependent Rb 
influx (Fig. 5, A and D) and K effiux (B and E), and net 
K-C1 cotransport, calculated as the difference between 
the two former (Cand  T) as a function of [Rb]o in vol- 
ume- and pHi 6.6-clamped controls (A-C) and in pHi 
6.8- (open symbols) and 8.6-clamped (closed symbols) low 
Mg i (D-T) LK red cells, respectively. 
Rb-Cl influx. As expected for carrier mediated K-C1 
cotransport (Delpire and Lauf, 1991a, b) Cl-dependent 
Rb influx (Rb-C1 influx) in both control (Fig. 5 A) and 
low Mgi (Fig. 5 D) red cells saturated with increasing 
[Rb] o. Fig. 5, A - C  displays the experiments with control 
cells clamped at pHi of 6.6 and subsequently exposed 
to pH,, 6.5, 7.5, and 9. Varying pH o between 6.5 and 9 
had no effect. The average kinetic parameters (n = 3, 
mean + SD) calculated from Wolf-Hanes plots from 
Fig. 5 A, were 0.9 + 0.23 mmol / ( locxh)  for the V, nax val- 
ues and 35.1 _+ 8.8 mM [Rb]o for the Km values. Hence 
pHi, but not pHo, determined V ....... but not/~,, of  Rb-C1 
influx. These data provide the new information that 
acid pH activation of  K-C1 cotransport in cells with nor- 
mal Mgi and unity volume reported by us earlier (Lauf 
et at., 1994) is due to internal proton effects. 
Fig. 5 D shows kinetically indistinguishable saturating 
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FIGURE 4. Ef'f;ect of DIDS pretreatment on K and Rb fluxes in os- 
motically clamped low Mg i LK red cells, pre-equilibrated at three 
pH,, vahms. K and Rh fluxes in CI (A), NO:~ (B), and K-CI cotrans- 
port (dCl, (.). Black and cross-hatched columns denote K effiux in 
control and DIDS-exposed cells, respectively. Horizontally and di- 
agonally striped columns for Rb influx in controls and DIDS- 
exposed cells, respectively, n = 2 experiments for pH 6.5 and 9 
with bars indicating range, and n = 4 for pH 7.4, with bars for stan- 
dard deviations. 
Rb-CI influxes when  pHo was varied f rom 6.5 to 9 in  low 
Mg~ pHi 6.8 cells, albei t  Rb-C1 inf lux was more  than  
twice that  of  controls  (A). The  average values for V ...... 
were 2.46 + 1.06 m m o l / ( l o c x h )  a n d  for K,,, 31.3 + 6.6 
mM [Rb],,. C o m p a r e d  to the lat ter  as well as to the con- 
trols (Fig. 5 A), sa tura t ion  of Rb-C1 inf lux at > 2 0  
mM[Rb], ,  in pHi 8.6 low Mgi cells increased  by greater  
than  twofold as pH,, was raised f rom 6.5 to 9 (bold num- 
D 9. 
0 _C--~ " - ' ' ~  2" 
~" ~ a 
":t g B 
x 
c 1 
0 10 20 30 40 50 600  10 20 30 40 50 60 
External Rb concentration 
FmuRr: 5. Determination of flux reversal points (bl~ 2) in control 
LK red cells with physiologic Mg i (A-O and in Mgi-depleted cells 
(/)-b). Chloride-dependent Rb influxes (A, D) and K effiuxes (B, 
1'.), calculated from the difference of the Rb influxes and K ef- 
fluxes in C1 and NO3, and net K-C1 fluxes (C,/3 from the differ- 
ence between A and D and B and b;, respectively, are plotted as 
function of [Rb],, in control LK and low Mgi red cells DID~ 
clamped at pHi 6.8 and 6.6 (open symbols), and at phi 8.6 (closed .~Tm- 
bog), respectively. Squares, triangles, and circles represent pH,, 9, 
7.5, and 6.5, respectively. Lines were computer fitted to a second 
order polynomial function. FRP indicates the [Rb],, (in raM) at 
which net flux is zero. 
bers), an  effect pr imari ly  due  to changes  in V, ..... (calcu- 
lated values were 3.6 a nd  8.5 m m o l / ( l o c x h ) ,  respec- 
tively) bu t  no t  in Km (24.1 a nd  35.9 mM [Rb],,, respec- 
tively). At the i n t e rmed ia t e  pHo of 7.5, the values for 
V ...... were 4.9 m m o l / ( l o c x h )  a nd  for/t:,,, 31.8 mM[Rb],, .  
These  f indings  are c o m m e n s u r a t e  with our  ear l ier  re- 
por t  that  a lkal ine pH, even in  the absence  of  a pH 
clamp,  increases V ..... bu t  no t  K,n of Rb-CI inf lux in Mg i- 
dep le ted  LK red cells (Lauf et al., 1994) a nd  add  the 
new in fo rma t ion  that  in alkal ine pHi-c lamped cells, 
V ...... is sensitive to pHo. 
K-C1 e/flux. In  low Mgi cells (Fig. 5 s K-CI effiux was 
abou t  twofold larger than  in controls  (Fig. 5 B) exhibit-  
ing a small trans-inhibition with increas ing  [Rb],,. The  
twofold s t imula t ion  in low Mg i cells over controls  is 
c o m m e n s u r a t e  with the effect of  Mg i removal  on  Rb-C1- 
inf lux shown above. Trans- inhibi t ion has b e e n  attrib- 
u ted  to the level of [K]i at the cis-side of the t r anspor te r  
as well as to the fact that  the slow step of the trans- 
por te r  is the t rans locat ion of the loaded  form (Delpire 
a nd  Lauf, 1991a, b). F u r t h e r m o r e ,  at 25 mM [Rb],,, 
which is abou t  equiva len t  to [K]i (see Table  II), lower- 
lug Mg~ s t imula ted  K-C1 effiux less than  Rb-C1 inf lux 
(compare  panels  E vs. B a n d  D vs. A), in par t icular  at 
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high pHi (D and  E, filled symbols), and  no  pHo effects 
were evident  on  K-CI effiux. The  a p p a r e n t  insensitivity 
o f  K-C1 efflux to pHi can be in par t  expla ined  by the 
h igh  K, n values o f  the K-CI co t ranspor te r  r epor t ed  ear- 
lier by us (Delpire and  Lauf, 1991a, b), i.e., the p H  i ef- 
fect should  be observed at [K]i > 25mM as shown in D 
for  Rb influx as func t ion  o f  [Rb]o. 
Net K-Clflux andFRP. T he  FRPs resul t ing f rom the 
x-axis in tercept  o f  the net  fluxes, i.e., the differences 
be tween the K-C1 effiux (panels B and  E) and  Rb-CI in- 
flux (panels A and  D) are indicated  in Fig. 5 C for  con- 
trols and  Fig. 5 F f o r  low Mg i cells. The  FRPs (i.e., the 
[Rb]o at which ne t  K-C1 co t ranspor t  is zero) were ~ 4 0  
mM in bo th  low pHi controls  and  low Mg~ cells, and  
~ 1 2  mM in p H  i 8.5 low Mgi cells. Based on  ou r  earlier 
work on  LK sheep  red  cells in the absence  o f  DIDS, dif- 
ferences  between the FRPs signal changes  in the driv- 
ing forces associated with p H  titration (Lauf  et al., 
1994): The  shift in the FRPs was c o m m e n s u r a t e  with a 
grea ter  than threefold  decrease  o f  [C1]i as pHi in- 
creased f rom 6.8 to 8.5 (Fig. 3). 
FRPs in Relation to Ion Gradients after DIDS Treatment 
T h e  exper imenta l ly  d e t e r m i n e d  flux reversal points  
f rom 15 exper iments  on  cont ro l  (A) and  low Mgi (B) 
LK red cells are shown in Fig. 6. In panel  A only 6 o f  
the 9 cont ro l  exper iments  are displayed since at alka- 
line p H  no  significant K-CI co t ranspor t  was measured.  
The  FRPs in controls  with pHi o f  7.4 and  6.5 (A), and  
in low Mgi cells with p H  i 8.5, 7.6, and  6.8 (B) increased,  
i ndependen t ly  o f  pHo, f rom near  30 to above 40 mM 
[Rb] o, and  f rom near  10 to nea r  40 mM [Rb]o, respec- 
tively. Thus,  the FRP values approximate ly  followed the 
shifts of  [C1] i in Fig. 3. 
Eq. 4 states that  the FRPs should  be a l inear func t ion  
o f  the C1 ratio, o r  m o r e  precisely, o f  [C1] i since [C1] o 
was constant ,  with a slope equal  to [K]~. Fig. 7 shows 
plots o f  the FRPs f rom Fig. 6, calculated acco rd ing  to 
Eq. 4 f rom the measu red  [K] i, [Cl]i, and  known [Clio as 
a func t ion  o f  [C1]i/[C1]o for  controls  (A) and  low Mg i 
(B) cells. The  m e a n  slopes for  the data  ob ta ined  f rom 
I y 50 A [] A 40  
i 2olo 9 Control 
"~" o -Contr,ols ~ 0 9 ' ' ' 
. . . .  40  
B 
40 9 6.8 I,i. 3 0  
I.IL. 3o 
20 9 7.6 20 
" I "  
lo ~" .L 10 
Low Mg i 8 , 5  ] 0 
O I I I J 
6.5 7.0 7.5 8.0 8.5 9.0 
PHo 
FV;URE 6. Flux reversal points for control (A) and low Mgi LK 
red ceils (B) as a function of  pH,, for three different pHi per condi- 
tion (numbe~). Regression lines were computer fitted. Mean FRPs 
(mM) [Rb] o for n = 3 (-+SD) were 41.4 (3.9) and 27.4 (2.8) for 
pH 6.6 and 7.4 controls, and 40.2 (4.5), 20.6 (1.8), and 11.4 (1.2) 
for pH 6.8, 7.6, and 8.6 low Mg~ cells. 
0 1 2 
[cl]i/[Cl]o 
FIr;URIc: 7. FRP as a fimction of the chloride ratios in controls (A) 
and low Mg i (B) LK red cells. The slopes of the regression lines 
were: (A) 22.6 (r = 0.821,filled circles) and 24.3 (r = 0.995, open cir- 
cles) mM [K]i, and (B) 28.7 (r = 0.973) and 26.5 (r = 0.997) mM 
[K] i, for values measured (filled circles) and calculated (open circles) 
from [K]i 9 [C1]i/[C1]o for controls (A) and low Mg i (B) ceils, re- 
spectively. 
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FI(;URE 8. Relationship between the ratios of the concentrations 
of the transported cations [Rb],, /[K]i, with [Rb],, determined 
from the FRP and the measured ratio of [Cl]i/[C1]o in control and 
low Mg i LK red cells. The slope for controls (closed circles) is 1.12 
(r = 0.912, n = 8 experiments) and for low Mg i cells 1.08 (r = 
0.976, n = 10 experiments), 
the fluxes (closed symbols) and those calculated accord- 
ing to Eq. 4 (open symbols) were 22.6 and 24.3 mM for 
controls, and 28.7 and 26.5 mM for low Mgi cells, re- 
spectively, and hence  approximated  [K]i (24.6 and 23.3 
m e q / K g  cell water, see Table II). Thus the product  of  
the chemical  gradients was the thermodynamic  driving 
force for both  basal and low Mgi-activated K-C1 cotrans- 
port. Consequently, a plot o f  the Donnan  ratio of  cat- 
ions versus anions t ransported by the carrier should re- 
veal a slope of  unity if K-C1 cotransport  is electroneu- 
tral. In Fig. 8 the slopes of  the exper imenta l  data 
relating [Rb] o (de termined f rom the FRP)/[K]i  to 
[C1]i/[C1] o were 1.11 (r = 0.912) for controls (filled sym- 
bols) and 1.08 (r = 0.976) for low Mgi cells (open symbols). 
D I S C U S S I O N  
The principal aim of  this study was to fully describe the 
response of the basal and activated erythrocyte K-CI 
cotransporter  to its thermodynamic  driving forces in 
volume- and pH-c lamped  LK sheep red cells. Although 
uphill t ransport  of  K driven by the C1 gradient  and in- 
dependence  of K-C1 cotransport  f rom the m e m b r a n e  
potential  were shown in earlier studies, these were not  
done  at constant  (original) cell volume (Brugnara et 
al., 1989; Kaji, 1993). In our  study, DIDS was used to 
vary simultaneously pHi and hence [C1]i while keeping 
cell volume and [K]i constant, and to vary [K]o, using 
Rb,, as congener ,  while maintaining [Clio constant (Fig. 
3, Table II). Our  principal conclusion is that K-C1 
cotransport  is electroneutral  in control  and in low Mg i 
LK red cells because the experimental ly de te rmined  
FRP (in mM [Rb]o) provided with [K]i a ratio that 
equaled [C1]i/[C1],,, i.e., [K(Rb)]o/[K]i  = [C1]i/[C1],,. 
The  measured FRPs (i.e., [Rb]o) of the net K-C1 
cotransport  shifted linearly and, as thermodynamical ly 
predicted,  with [Cl]i/[CI],, (Figs. 5-7),  commensura te  
with the Donnan  ratio of  the t ransported ions (Fig. 8). 
A transport  system with such propert ies  is able to use 
the chemical potential  of  one ion (K or C1) to move the 
counter  ion (C1 or K) against its chemical potential. 
Fur thermore ,  the thermodynamically derived stoichi- 
ometry  of  the t ransported K and C1 ions was unity (Fig. 
8). Our  data do not  permit  to assess whether  unity cou- 
pling occurs between one or two K and CI ions, respec- 
tively. In swollen cells Dunham and Ellory (1981) 
showed sigmoidal kinetics of  both  K and C1 fluxes in 
LK sheep red cells with C1 varied on both sides of  the 
membrane .  However, our  present  results (see also the 
saturation kinetics of  Figs. 5) are consistent with earlier 
kinetic data (Hill coefficient of  unity for K, Lauf, 1984). 
Our  findings are also in agreement  with our  earlier 
work showing that K-CI cotransport  is independen t  of 
Na (Delpire and Lauf, 1991a) and exclude the contri- 
bution of pro ton  gradients, particularly at acid pHi, to 
the driving force. 
Although the data clearly show that K-C1 cotransport  
is electroneutral,  we cannot  prove beyond doubt  that 
changes in q~m over the p H  range studied could have al- 
tered unidirectional flux rates. At alkaline pH, DIDS- 
treated cells are expected to be hyperpolarized which 
would cause Rb influx > K effiux in NO3 as shown in 
Fig.4 B but  not  electroneutral  Rb-C1 flux > K-C1 efflux. 
If  indeed in DIDS-treated cells, the experimental ly 
achieved [C1]i/[C1],, ratios de termine  ~,n, then the per- 
meability (P) to C1 should be much  larger than that to 
K, i.e., Pc] > >  PK. A plot of the FRPs versus the calcu- 
lated Op,,, ranging fi-om + 12 to - 2 3  mV between pH 6.5 
and 9, respectively, should be linear. However, such an 
approach may be irrelevant for two reasons. First, DIDS 
inhibits PcJ in human  red cells (Kaplan et al., 1983; 
Knauf  et al., 1983). To test whether  DIDS alters Pc~ as 
function of pH we measured  PK in valinomycin-treated 
control LK cells according to Knauf et al. (1977). The 
valinomycin-induced changes in PK were highest at low 
pH as compared  to alkaline pH (data not  shown) sug- 
gesting that Pcl is affected by DIDS differently at pH 6.5 
than at pH 9. Second, at alkaline pH, DIDS augmented  
both K efflux and Rb influx in NOe,, i.e., the (Clqnde- 
pendent )  PK, whereas it did not  affect K-C1 cotransport  
(Fig. 4). This indirect exper imental  evidence suggests 
that OP,n indeed affected unidrectional fluxes without 
having a major  effect on K-C1 cotransport ,  a conclusion 
agreeing with Brugnara et al. (1989) and I{4.ji (1993). 
The data presented here contrast  with two conclu- 
sions of  our  earlier work. First, Zade-Oppen and Lauf 
(1991) showed that DIDS, present  during the flux ex- 
periments,  stimulates K and Rb fluxes in C1 preferen- 
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tially at acid pH, whereas no exper iments  were done  in 
NO3. In Fig. 4 we again find that DIDS stimulated Rb 
influx in C1, however, at alkaline pH, but  affected much  
less K effiux. Later, Delpire and Lauf  (1992) showed 
later that  DIDS inhibits K-CI cotransport  reversibly. Be- 
sides DIDS, alkaline p H  also enhanced  Rb influx in 
NO~ (Fig. 4 and see also above), i.e., the basal K perme-  
ability. This is consistent with recent  findings by Ortiz- 
Carranza et al. (1996b). The  present  study on Cl-depen- 
den t  K and Rb fluxes excludes "other" effects of  DIDS 
on K fluxes such as those shown by Jones  and Knauf  
(1985) in h u m a n  red cells. Delpire and  Lauf  (1991a) 
repor ted  a twofold difference between the calculated 
and measured  FRPs, in swollen LK cells and in C1 only, 
the Cl-dependent  c o m p o n e n t  being unknown. Based 
on the present  work this difference may be due to dif- 
ferent  pHi and hence  [C1] i. Lauf  et al. (1994) found a 
similar small difference for net K-C1 cotransport  in os- 
motically "clamped" cells, as opposed  to the present  
study were both osmotic and pHi were clamped.  This 
discrepancy is more  difficult to explain. It is possible 
that DIDS el iminated K flux componen t s  which may 
have contr ibuted to the small discrepancies in the FRPs 
of  the preceding  studies on swollen and volume- 
c lamped cells. 
The  design of  the exper iments  to demonst ra te  elec- 
troneutrality of  K-C1 cotransport  provided also new in- 
format ion  on the kinetic behavior  of  the system which 
needs to be addressed in future work. Whereas the bulk 
of  the kinetic data were consistent with our  previous 
work in volume- but not  pH-c lamped  LK red cells (Lauf  
et al., 1994), the data in Fig. 5 clearly indicate separate 
effects of  pH i and pH o on Rb-C1 influx: in both  control 
and low Mg i low pH i cells, internal protons  de te rmined  
Rb-C1 influx, whereas in low Mg i alkaline pHi cells both  
internal and external protons were modulatory.  The  
reason for this discrepancy cannot  be explained based 
on the data presented in this study. We have recently 
shown elsewhere that alkaline pH per  se stimulates K-C1 
cotransport ,  in particular when combined  with extrac- 
tion of  Mg by A23187 and EDTA at pH 9 (Ortiz-Car- 
ranza et al., 1996a). Consistent with this report ,  in the 
present  study K-C1 efflux was higher  in alkaline pHi 
cells (Fig. 5 E, filled symbols) than in controls (Fig. 5 B). 
However, Rb-C1 influx in alkaline p H  i cells with low Mg i 
was more  sensitive to pHo suggesting complex  kinetic 
effects of  protons  on K-C1 cotransport .  Since by design 
of  the exper iments  the FRPs respond solely to [Cl]i and  
the apparen t  affinities of  the t ransporter  for Rbo were 
about  equal in 15 exper iments  (mean values _+ SD of  
32.6 + 7.2 and of  37.2 + 7.1 mM for controls and low 
Mgi cells, respectively), the kinetic effects of  pH o on Rb- 
C1 influx at high [Rb]o seen in Fig. 5 D are of  no conse- 
quence regarding the thermodynamic  conclusions. 
Both basal and low Mgi-activated K-C1 cotransport  be- 
haved thermodynamical ly identical. Toge the r  with the 
findings of  Brugnara et al. (1989) for the NEM-acti- 
vated K-fluxes in LK sheep red cells and those of  Kaji 
(1993) for the swelling-induced h u m a n  K-C1 cotrans- 
porter ,  we may conclude that  all K-C1 cotransport  
modes  displayed through these activation mechanisms 
are electroneutral  and must  obey the Donnan  relation- 
ship of  the t ransported cations and anions as shown 
here  (Fig. 8). Since DIDS has been  recently shown to 
reduce the C1 permeabil i ty of  human  red blood cells 
close to that of  bilayers (Gasbjerg et al., 1994), yet does 
not  inhibit K-C1 cotransport  in h u m a n  red blood cells 
(Kaji, 1986), it should be feasible to test this conclusion 
in red blood cells f rom other  species, including hu- 
man. 
Our  demonst ra t ion  that basal and stimulated K-C1 
cotransport  modes  in LK sheep red cells is electroneu- 
tral follows similar approaches  to ano ther  cotrans- 
porter:  Geck et al. (1980) established the thermody- 
namically electroneutral  nature  of  Na-K-2C1 cotrans- 
por t  in Ehrlich tumor  cells by demonst ra t ing  that the 
slopes for C1 fluxes were twice those for Na and K 
fluxes, and Duhm and G6bel (1984) showed that the 
electrochemical  gradient  ratios of  the t ransported ions 
were the determinants  also in h u m a n  red blood cells. 
Although the detailed mechanism by which K and CI 
are t ransported across the m e m b r a n e  awaits fur ther  
clarification, two papers published most  recently at the 
t ime of  complet ion of  the final revision of this study re- 
por t  cloning and functional expression of  two isoforms 
of  the K-CI cot ranspor ter  f rom rabbits, rat and human  
(Gillen et al, 1996; Payne et al., 1996). 
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